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It has  been  recognized for  u  long  time that  luminous organisms 
require very little  oxygen for light production, so little in fact that 
some  observers  have  declared  the  luminescence to  occur  without 
oxygen?  Although it is  sometimes d~fficult  to  free a  solution  of a 
luminescent substance from the last traces of oxygen, and this  fact 
is responsible for the controversy, it is safe to say that all biolumines- 
cence is  dependent on dissolved  oxygen.  2 
This  statement is  easily verified, as  far  as luminous bacteria are 
concerned, by allowing an emulsion of luminous bacteria in sea water 
to stand in u test-tube.  In a short time, depending on the number of 
bacteria  present,  the  tube,  formerly glowing  throughout,  becomes 
perfectly dark except at the surface in contact with air.  The bacteria 
have used up all the oxygen in the sea water.  Beijerinck  ~ employed 
this  method to  demonstrate the  activity of  chloroplasts in  decom- 
posing COs, apart from the living plant cell.  A mixture of luminous 
bacteria and thoroughly ground clover leaves containing suspended 
chloroplasts  was  allowed to  stand  in  perfect darkness until  all  the 
oxygen dissolved in  the  emulsion had been used up,  and  the  tube 
became dark.  If u  match were now lighted, the light,  striking  the 
chloroplasts,  caused  them  to  decompose  CO~, as  during  photosyn- 
thesis,  with  consequent liberation  of  oxygen.  The  oxygen formed 
then  caused the  luminous bacteria  to  glow for  a  short  time,  until 
again used up. 
In the  above  experiment we  employ luminous bacteria  as  a  test 
for oxygen and it is proper to inquire what concentration of oxygen 
1 Kanda, S., Am. J. Physiol., 1919-20,  1, 544. 
2 Harvey, E. N., Am. J. Physiol.,  1920, li, 580. 
s Beijerinck, M. W., Kon. akad. van wetensch, te Amsterdam,  1902, iv, 45. 
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can be detected in this way.  It is quite obvious that in any deter- 
ruination  of such  a  small  concentration  of oxygen,  (1)  the  emulsion 
of luminous bacteria must  be continually maintained  in  equilibrium 
with some inert gas containing  so small a  percentage of oxygen that 
a just perceptible light is produced; (2)  the concentration of luminous 
bacteria must be sufficiently small so that the  continuous utilization 
of oxygen by the  bacteria  does not  disturb  the equilibrium.  These 
two  conditions  have  been  realized  in  the  experiments  described  in 
this  paper.  The  continual  maintenance  of  equilibrium  is  easily 
obtained by rapid bubbling of the gas mixture  through  the bacterial 
emulsion which was well below the  concentration,  as determined  by 
experiment,  at  which  an  appreciable  amount  of  oxygen  was  used. 
The  method  of mixing  gases  by means  of flow-meters,  so widely 
used  during  the  war,  was  employed.  The  apparatus  is  shown  in 
Fig.  1.  From  a  tank  of  electrolytic hydrogen,  hydrogen  gas,  con- 
taining 0.0034 by volume oxygen (as determined by analysis), passed 
through  a  Y-tube  to  two  flow-meters,  A  and  B.  The  gas  which 
passed  through  the A  flow-meter, giving a  rapid  flow, 'had  all of its 
oxygen removed by passing through a  quartz tube, C, over platinized 
asbestos  4 heated  to  dull redness,  and was absolutely pure hydrogen, 5 
so far as oxygen was concerned.  The gas passing the B  flow-meter, 
which contained  a  very fine capillary,  and hence a  slow flow of gas, 
contained  the  same  amount  of oxygen as  that  in  the  tank,  0.0034. 
The gases from A  and B  were mixed at the three-way cock, D, and 
passed  through  the  bacterial  emulsion  in  the  tube,  E.  A  safety 
trap at F  and needle valves at the tank and at G to regulate the flow 
of  gas,  completed  the  arrangements.  All  parts  of  the  apparatus 
train  were  glass  joints  or  connections  of  lead tubing with de Kho- 
tinsky  cement,  the  only rubbe~ connection  being a thick  short tube 
between D  and E, and another making connection with the hydrogen 
tank before the hydrogen passed over the platinized  asbestos.  It is 
4  In some experiments a platinum spiral heated red hot by passing an electric 
current through it was substituted for the platinized asbestos.  Both gave efficient 
oxygen removal. 
5  Dr.  H. S. Taylor of Princeton University has very kindly calculated for us 
that hydrogen so treated  would contain oxygen at a pressure of 2  X  10  -26 at- 
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not  possible  to  keep  pure  hydrogen  free  of  oxygen if it  is  carried 
through any  distance  of  rubber  tubing.  In  order  to  prevent  con- 
tamination  of pure  hydrogen  with  oxygen dissolved in the manom- 
eter  fluids  the  A  flow-meter  manometer,  after  careful  washing out 
with  pure  hydrogen,  was  filled  with  alkaline  pyrogallol  solution 
from  H,  while  the  B  flow-meter  manometer  contained  water  in 
equilibrium  with  hydrogen  containing  0.0034  oxygen,  filled  from  J. 
Once  a  flow-meter has  been  calibrated  for  a  given  gas  in  terms 
of the difference in pressure at the two ends of the  capillary,  it can 
be used at any time for the same gas and with the same manometer 
fluid.  Calibration of A  and B  was effected by determining the time 
necessary for a  given volume of hydrogen gas to pass through  when 
the  difference in  pressure  at  the  ends  of  the  capillary  was  varied, 
and  a  curve  drawn  relating  cubic  centimeter  flow  per  second  to 
pressure  difference.  Rate of flow through  A  varied in  the  range  of 
pressure differences actually used from 2.53  cc. per second at 14 cm. 
to 3.17  cc. per second at  18  cm.  alkaline  pyrogallol solution.  Rate 
of flow through B  varied from 0.005055  cc. per second at 24 ram.  to 
0.007888  cc. per second at 32 ram.  water. 
The  percentage  of  oxygen  in  the  hydrogen  was  determined  by 
passing  the  gas  through  a  long  tube  of  CaCl2  to  dry it,  then  over 
hot  platinized  asbestos  which  formed  water,  by  combination  of 
any oxygen with  the  hydrogen.  The  gas  then  passed" through  two 
small U-tubes filled with CaCl~  to collect the water formed, and was 
measured  over  water  in  a  collecting  flask.  The  second  CaCh  U- 
tube was not necessary as weighings  showed no increase in  weight. 
All  the  water  was  absorbed  by  the  first  tube.  The  second  tube 
served as a  control.  2400 cc. of gas at 18°C. and 767  mm.  Hg gave 
0.0122 gin. water, an average of three determinations within 0.1  mg. 
of each other.  Reduced to 0°C. and 760 ram. pressure and  corrected 
for  the vapor  tension  of water at  18°C.,  2227  cc.  of hydrogen  con- 
tained  7.589  cc.  of oxygen at 0°C.  and  760 ram.  or 0.0034,  0.34 per 
cent. 
An actual determination of the oxygen necessary for luminescence 
is run  somewhat as follows: Mter  flushing  out the whole apparatus 
with  tank  hydrogen  through  its  various  exits,  the  quartz  tube,  C, 
with  its  platinized  asbestos  is  heated  and  A,  as  well  as  vessel H, 16  LUM1-NOUS BACTERIA 
containing alkaline pyrogallol, flushed out with oxygen-free hydrogen. 
The  alkaline pyrogallol is  then  allowed to flow into  the  arms  of the 
manometer  tube.  The  water in J  is  then  brought into  equilibrium 
with  tank  hydrogen  by  shaking  and  refilling  with  tank  hydrogen 
several  times  and  then  allowed  to  flow into  the  manometer  of  the 
B  flow-meter.  The  emulsion  of  luminous  bacteria  ~ in  sea  water  is 
placed  in  E  which  is  then  attached  to  the  three-way  cock,  D,  so 
turned  that  pure  hydrogen  gas  alone  passes  through  the  bacteria. 
The  flow is regulated  by turning  the needle  valve at  the  hydrogen 
tank  to give a  flow of gas,  corresponding  to a  difference in level of 
about  16.7  cm.  alkaline  pyrogaUol  solution.  With  needle  valve, 
G, shut so that no flow of gas passes the B  flow-meter, the bacteria 
in  /~  are  absolutely dark.  Observations  must  be  made  in  a  black 
box in a  dark room to prevent confusion from reflected light,  and the 
eyes perfectly dark  adapted.  Upon  now  opening  needle  valve,  G 
very  slowly to  admit  more  and  more  tank  hydrogen  and  hence  a 
little  oxygen,  the  bacteria  just  begin  to  glow  at  approximately  25 
ram. 7 water difference of pressure of B, corresponding to 0.00630  cc. 
per second.  The level in the A  flow-meter will have changed slightly 
perhaps to 16.6  cm., corresponding to 3.00847 cc. per second.  There 
is  thus  passing  through  the  bacterial  emulsion  3.01477  cc.  of  gas 
0.00630 
each second,  of which 3.0147-----7 is supplied by the  /~  flow-meter  and 
of this gas supplied by the B  flow-meter 0.0034,  or 0.34 per cent,  is 
oxygen.  A  simple  calculation  shows that in the gas flowing through 
the luminous bacteria  there is 0.0000071  oxygen, or 0.0007  per cent. 
This  corresponds  to  one part  oxygen in  143,000  parts  hydrogen  by 
volume, or 0.0053 ram.  Hg oxygen pressure.  Assuming that Henry's 
law holds, since 1 cc. of sea water dissolves about 0.027 cc. of oxygen  s 
at 20°C.  and  760 ram.  Hg there will be present in each cubic centi- 
meter  of  the  sea  water  containing  luminous  bacteria  glowing  very 
8  The luminous bacteria  were isolated from fish obtained at  the fish store in 
Princeton and grown in sea water containing 1 per cent Bacto-peptone, 1 per cent 
glycerol, some beef extract, and adjusted to a pH of 7.7. 
7  Average of eight determinations. 
8 Fox, Tr. Farad. Soc. 1909, v, 77. E. N. HARVEY  AND  T.  F. MORRISON  17 
faintly at 0.0053 ram. Hg oxygen pressure,  0.00000019  cc.  of oxygen 
or ~bout 0.00000000027  gin.  of oxygen, or  1 part oxygen by weight 
in 3,700,000,000 cc. of sea water. 
2  ram.  change  of  level in  B  downward  from  25  to  23  nun.  Hg 
will  cause  the light in E  to  disappear,  while  2  ram.  change  of level 
of B  upward  from  25  to  27  ram.  Hg,  corresponding  to  0.00677  cc. 
per  second, giving the bacteria  0.0000076  oxygen,  will  cause  an  un- 
mistakably  brighter  light  to  appear  in  E.  Hence  the  method  is 
sensitive to  5  parts in  76 or about 6  per cent and  the greatest error 
is  no  doubt  the  variation  in  sensitiveness  of  the  dark  adapted  eye 
or variations in  the  light  of the  bacteria.  A  number of the  values 
TABLE  I. 
Readings of Flow-meters When Bacteria Give Just Perceptible Light. 
Experiment  No.  A  manometer.  Flow through  A  B manometer.  Flow through  B 
per sec.  per set:. 
1 
2 
3* 
4 
5 
6 
7 
8 
148 
145 
145 
176 
176 
176 
176 
176 
CO. 
2.689 
2.643 
2.643 
3.141 
3.141 
3.141 
3.141 
3.141 
mm. 
23 
23 
28 
24 
24  --  24.6 
28 
2 
CC. 
O. 00583 
O. 00583 
0.00700 
0.00621 
* This determination works out to 0.0000089 oxygen. 
obtained  at  different  times  with  the  same  or  with  different  emul- 
sions of luminous bacteria are shown in Table I. 
An  experiment  to  show  the  values  obtained  with  different  con- 
centrations of bacterial  emulsions, run the same evening on the  same 
bacteria  is  given  in  Table  II.  C  represents  a  fairly  concentrated 
bacterial  emulsion  which was  diluted  with  sea  water to give  C/20, 
C/30,  etc.  It will be noted that with  concentrated bacterial  emul- 
sions  more  oxygen is  necessary to  give a  just  visible  luminescence, 
as shown by the values of the B  flow-meter, because the bacteria are 
present in sufficient quantity to use up some of that supplied'.  How- 
ever,  from  a  dilution  of  C/30  to  C/l,000  we  have  practically  con- 18  LUMINOUS  BACTERIA 
stant  readings  for B  which  indicates  that  concentration  of bacteria 
is  playing  no  part  in  these  determinations.  The  last  eight  values 
given in the table are  the ones averaged for calculation  of the value 
0.000007  oxygen. 
TABLE  II. 
Readings of Flow-meters When Bacteria of Varied Concentrations Give Just 
Perceptible Light. 
Concentration  of  Flow through  A  Flow through B  bacterial  emulsion.  A manometer.  B manometer.  per sec.  per sec. 
C 
c/2o 
C/30 
c/loo 
c/soo 
C/l,000 
mm° 
165 
165 
165 
165 
t 
165 
165 
166 
166 
166 
166 
f 
166 
166 
f 
166 
166 
CO, 
2.983 
2.983 
2.983 
2.983 
2.983 
2.983 
3.008 
3.008 
3.008 
3.008 
3. 008 
3.008 
3.008 
3.008 
mm. 
44~}  =  48 
3i} 
31  =  31 
2  =  25 
25 
26 
21I  ~  25 
26 
23 
26 
2 
cc° 
0.01130 
0.00722 
0.00630 
0.00630 
SUMMARY. 
A  method is describcd for measuring  the  concentration  of oxygen 
to  allow  just  perceptible  luminescence  of  luminous  bacteria.  The 
value turns out to be extraordinarily low, about 0.005 ram. Hg pres- 
sure  O3  or  1  part  by weight  oxygen  dissolved  in  3,700,000,000 cc. 
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